Human islet amyloid polypeptide (hIAPP) accumulates as pancreatic amyloid in type 2 diabetes and readily forms ®brils in vitro. Investigations into the mechanism of hIAPP ®bril formation have focused largely on residues 20 to 29, which are considered to comprise a primary amyloidogenic domain. In rodents, proline substitutions within this region and the subsequent b-sheet disruption, prevents ®bril formation. An additional amyloidogenic fragment within the C-terminal sequence, residues 30 to 37, has been identi®ed recently. We have extended these observations by examining a series of overlapping peptide fragments from the human and rodent sequences. Using protein spectroscopy (CD/ FTIR), electron microscopy and X-ray diffraction, a previously unrecognised amyloidogenic domain was localised within residues 8 to 20. Synthetic peptides corresponding to this region exhibited a transition from random coil to b-sheet conformation and assembled into ®brils having a typical amyloid-like morphology. The comparable rat 8-20 sequence, which contains a single His18Arg substitution, was also capable of assembling into amyloid-like ®brils. Examination of peptide fragments corresponding to residues 1 to 13 revealed that the immediate N-terminal region is likely to have only a modulating in¯uence on ®bril formation or conformational conversion. The contributions of charged residues as they relate to the amyloid-forming 8-20 sequence were also investigated using IAPP fragments and by assessing the effects of pH and counterions. The identi®cation of these principal amyloidogenic sequences and the effects of associated factors provide details on the IAPP aggregation pathway and structure of the peptide in its ®brillar state.
Human islet amyloid polypeptide (hIAPP) accumulates as pancreatic amyloid in type 2 diabetes and readily forms ®brils in vitro. Investigations into the mechanism of hIAPP ®bril formation have focused largely on residues 20 to 29, which are considered to comprise a primary amyloidogenic domain. In rodents, proline substitutions within this region and the subsequent b-sheet disruption, prevents ®bril formation. An additional amyloidogenic fragment within the C-terminal sequence, residues 30 to 37, has been identi®ed recently. We have extended these observations by examining a series of overlapping peptide fragments from the human and rodent sequences. Using protein spectroscopy (CD/ FTIR), electron microscopy and X-ray diffraction, a previously unrecognised amyloidogenic domain was localised within residues 8 to 20. Synthetic peptides corresponding to this region exhibited a transition from random coil to b-sheet conformation and assembled into ®brils having a typical amyloid-like morphology. The comparable rat 8-20 sequence, which contains a single His18Arg substitution, was also capable of assembling into amyloid-like ®brils. Examination of peptide fragments corresponding to residues 1 to 13 revealed that the immediate N-terminal region is likely to have only a modulating in¯uence on ®bril formation or conformational conversion. The contributions of charged residues as they relate to the amyloid-forming 8-20 sequence were also investigated using IAPP fragments and by assessing the effects of pH and counterions. The identi®cation of these principal amyloidogenic sequences and the effects of associated factors provide details on the IAPP aggregation pathway and structure of the peptide in its ®brillar state.
Introduction
Human islet amyloid polypeptide (hIAPP) is a 37 amino acid residue peptide present in pancreatic b-cell secretory granules and is co-secreted with insulin. In type 2 diabetes, hIAPP aggregates in the islet extracellular space to form ®brillar amyloid deposits (Clark et al., 1987; Westermark et al., 1987) . These deposits are present in over 95 % of type 2 diabetic subjects at post mortem and their abundance correlates with the severity of disease (Ro È cken et al., 1992; Schneider et al., 1980; Westermark & Johnson, 1988) . Due to the unfolded nature and conversion of hIAPP to ®brils in aqueous media, the secondary structure of the peptide has not been determined (Hubbard et al., 1991; Saldanha & Mahadevan, 1991) . In the presence of helix-inducing organic solvents, such as tri¯uor-oethanol (TFE) or hexa¯uoro-2-propanol (HFIP), the CD spectra of hIAPP are indicative of a-helical structure (Hubbard et al., 1991; McLean & Balasubramaniam, 1992) . However, in the absence of these solvents and with the elimination of potential``seeds'' by ®ltration, the CD spectra of hIAPP in water appears initially as a random coil (Higham et al., 2000; Kayed et al., 1999) . Over a period of days, the peptide either precipitates from solution as amorphous aggregates or converts to a b-sheet structure accompanied by ®bril formation (Higham et al., 2000; Kayed et al., 1999) .
A single amyloidogenic region spanning residues 20 to 29 has been proposed to be the important factor in ®bril formation of hIAPP Glenner et al., 1988; Westermark et al., 1990) . This proposal was based on the association of species-speci®c proline substitutions in rodent IAPP 20-29, which prevents ®bril formation. This single b-strand fragment was shown to form intermolecular hydrogen bonds and b-sheets (Grif®ths et al., 1995) . However, recent studies have identi®ed a second potential amyloidogenic region within residues 30 to 37, which forms amyloid-like ®brils in aqueous media (Nilsson & Raleigh, 1999) . With the presence of more than one b-strand region, intermolecular interactions as well as intramolecular interactions involved in ®bril formation are likely to be more complex than that proposed for the single-strand region, IAPP 20-29 (Grif®ths et al., 1995) .
These two amyloidogenic domains account for approximately half of the IAPP molecule (C-terminal residues 20 to 37) and it is unclear what contributions to ®bril formation may be made by the remaining N-terminal domains (residues 1-20). We have used CD, EM, Fourier transform infrared spectroscopy (FTIR) and ®bre X-ray diffraction to examine the structure and ®bril assembly of a series of IAPP fragments. These peptides spanned the entire length of IAPP and were derived from both the human and rat sequences. This permitted a comparative study of the two distinct portions of IAPP (N versus C-terminal domains) and the effects of subtle changes in sequence (e.g. His18Arg substitution) on peptide aggregation. In addition, the N-terminal half of IAPP (residues 1-20) has a number of unique features that may affect folding and/or aggregation. Our observations indicate that a novel amyloidogenic b-sheet domain is contained within residues 8 to 20 and may represent a core structural element of the ®bril.
Results

Secondary structure predictions of IAPP domains
Secondary structure predictions using a computer algorithm (Deleage & Roux, 1987) indicate that there are three potential b-strand regions in the human IAPP (hIAPP). These include the previously described ®brillogenic region contained within residues 20 to 29 and two additional domains that may contribute to amyloid formation (Figure 1 ). The ®rst is located at the C terminus (residues 30-34) and the second encompassing residues 14 to 18. It has been reported that peptides derived from the C terminus, residues 30 to 37, assemble into amyloid-like ®brils having a b-sheet conformation (Nilsson & Raleigh, 1999) . The contribution of the IAPP N-terminal domain (residues 1-20) has yet to be resolved but the predictive algorithms suggest that the central region from approximately Asn14 to His18 may assemble into a b-conformation (Figure 1 ). The remainder of IAPP spanning approximately the ®rst 15 residues is predicted to be either random coil or a-helical.
Folding and aggregation of the C-terminal domains (20-29 and 30-37) are most likely driven by hydrophobic interactions. The fact that the 20-29 and 30-37 sequences represent distinct amyloidogenic domains is based upon the previous identi®cation of 20-29 as a key ®bre-forming region . The 30-37 domain is supported by in vitro peptide studies (Nilsson & Raleigh, 1999) as well the secondary structure analyses. It is conceivable that the C terminus, spanning residues 20 to 37, is a contiguous b-sheet strand and additional studies are required to address this possibility. In contrast, the N-terminal sequence contains a number of unique features such as a disulphide bridge that terminates before the ®rst predicted b-strand. An intact disulphide bridge has been proposed to be essential for the physiological function of IAPP (Roberts et al., 1989) but it is unclear if the bridge remains intact in amyloid ®brils. This region contains all of the IAPP electrostatic residues (Lys1, Arg11 and His18), which may in¯uence peptide folding and aggregation. This region also has a His/Arg substitution (Figure 1 , arrow) in the non-amyloidogenic rodent sequence. Histidine residues play an important role in Ab ®bril formation (Fraser et al., 1994) . Their protonation state can regulate b-sheet folding and facilitate zinc binding, which can enhance peptide aggregation and is found at high concentrations in the b-cell secretory granule (Emdin et al., 1980) .
Conformation analysis of IAPP and its peptide fragments
To test these predictions, a series of peptides corresponding to fragments of human and rat IAPP (rIAPP) were examined. These included the N-terminal fragments (residues 1-13 and 8-20), which were compared to C-terminal fragments (residues 20-29 and 30-37), overlapping sequences (residues 18-29 and 8-37) and full-length IAPP, residues 1 to 37. To establish identical starting conditions for examining ®bril formation, all peptides were ®rst solubilised in 100 % HFIP, ®ltered (0.2 mm), and freeze-dried in aliquots, which were reconstituted in water or buffer as required (100 mg/ml). These conditions have been shown to maintain full-length hIAPP 1-37 in a soluble random conformation that undergoes a slow transition to the amyloidogenic b-sheet (Higham et al., 2000) .
Under these conditions, all peptides initially demonstrated a CD spectrum typical of a random coil conformation most likely representative of the monomeric state (Figure 2) . Following incubation at room temperature for 48-96 hours, the fragments displayed a number of different folding properties. The N-terminal peptide (residues 1-13) remained as a random coil, even following extended incubation and under a variety of conditions (Figure 2(a) ). This is consistent with the predicted conformation, where this domain is largely a disordered and¯exible region of IAPP. One possibility is that the N-terminal sequence may modulate folding rather than contribute to ®bril formation. In contrast, the IAPP 8-37 fragment folded into a typical amyloidogenic b-sheet conformation, similar to that observed for the intact IAPP 1-37 (Figure 2(b) ). This N-terminal truncated fragment, lacking the disulphide bridge, assembled into ®brils that had a morphology identical with that of the full-length peptide (data not shown).
The other potentially amyloidogenic domain was predicted within the region of hIAPP residues 14-18 and to assess this possibility, the peptide fragment spanning Ala8-Ser20 was examined. The CD investigation indicated that the hIAPP 8-20 was initially in a random coil conformation similar to that of the other peptides examined (Figure 2(c) ). However, following incubation, the signal did not convert to a typical b-sheet but instead merely diminished in intensity (Figure 2(c) ). This attenuation was most likely due to a precipitation of the peptide following aggregation. Varying other conditions, such as the peptide concentration to 1 mg/ ml, did not signi®cantly alter the CD spectra or the precipitation rate of the peptide aggregates (data not shown). A similar observation was made with the more hydrophobic IAPP 30-37 fragment, which also appeared to undergo a rapid aggregation and precipitation (data not shown). Although these ®ndings suggest that hIAPP 8-20 may display a tendency to aggregate into amyloid-like ®brils, it was not possible to ascertain by CD spectroscopy if the precipitate was in a b-conformation. To resolve this problem, the IAPP 8-20 fragment was examined by other techniques that are more amenable to the solid state.
Fourier-transform infrared (FTIR) spectroscopy was used to evaluate the conformation of the human and rat IAPP 8-20 peptide fragments. These peptides displayed similar spectra, with absorbance maxima at 1618-1620 cm À1 typical of intermolecular b-sheet conformation (Figure 2(d) and (e)) as was reported for amyloid-b (Ab) (Fraser et al., 1991; Surewicz et al., 1993) . Some additional absorbance was observed at 1662-1664 cm À1 and 1648 cm À1 that could arise from turns/bends and random contributions, respectively. However, these were relatively minor, which suggests that the peptides adopted an almost exclusively b-sheet conformation. Whilst the full-length rat IAPP pep- Figure 1 . Secondary structure predictions and amyloidogenic domains of human and rat IAPP. Secondary structure prediction for human IAPP by double prediction algorithm (Deleage and Roux, 1987) identi®ed three principal b-sheet domains. These corresponded to residues 20 to 29 (highlighted), 30 to 37 and $10 to 20. Amino acid sequences are shown for the human and rat IAPP peptides that were investigated. Sequence divergences between human and rat, such as the His18Arg (arrow) and proline substitutions (underlined) are indicated.
tide has been shown by several groups to be nonamyloidogenic (e.g. see Betsholtz et al., 1989) , it appears that the 8-20 domain is capable of assembling into an amyloidogenic structure. The human and rodent 8-20 sequences are identical except for of an His/Arg substitution at position 18 (see Figure 1) .
The amyloidogenic potential of the 8-20 region was further examined by ®bre X-ray diffraction and thio¯avin S (Thio-S) staining. Amyloid X-ray diffraction studies have demonstrated that the ®brils assemble into a cross-b organization that may represent a common structure (Sunde et al., 1997) . The full-length IAPP (1-37) displays a similar structure, as shown by the orthogonal arrangement of the intersheet ($10 A Ê ) and hydrogen-bonding (4.7 A Ê ) re¯ections (Figure 3(a) ). Examination of the hIAPP 8-20 fragment revealed a similar set of re¯ections that are consistent with a b-sheet ®bril (Figure 3(b) ). However, the ®brils did not orient as well as the full-length IAPP, possibly due to the tendency of this fragment to aggregate rapidly. The amyloid-like nature of the human and rat IAPP 8-20 aggregates was demonstrated further by their staining with Thio-S. This histological dye, like Congo red, is considered to be speci®c for b-sheet ®brils and is an indirect indication of amyloidogenic conformation (Schwartz, 1970) . Human IAPP 8-20 showed the characteristic apple-green birefringence with Congo red staining and the typical yellow¯uorescence of Thio-S binding (Figure 3(c) ). A similar staining was obtained with the rat IAPP 8-20 fragment. Together, these data indicate that the 8-20 region contains a previously unrecognised amyloidogenic domain. This section of IAPP may therefore act in combination with the other known ®bril-formation sequences (i.e. 20-29 and 30-37) to facilitate folding and aggregation of the full-length human IAPP.
Fibril formation and morphology of IAPP amyloidogenic domains
The morphology of the aggregated IAPP peptide fragments was examined by negative stain electron microscopy. Examination of the IAPP 1-13 fragment under several conditions did not result in any detectable aggregate. This is consistent with the random coil conformation observed by CD spectroscopy. In contrast, the IAPP 8-20 peptides exhibited a well-de®ned ®brillar organisation, which was formed concurrently with the attenuation of its CD signal (Figure 4(a) ). Overall, the ®brils had a ribbon-like appearance, which seemed to result from the lateral association of individual proto®laments to produce structures with widths of 18-20 nm. This was more evident at higher magni®cation, where distinct ®brils with an approximate diameter of 8-9 nm could be resolved within the ribbon structures (Figure 4(a) , inset). The constituent ®brils were similar in appearance to those formed from full-length IAPP but have a greater propensity to associate laterally, possibly due to the absence of the other modulating domains. A similar morphology was observed for the rat IAPP 8-20 fragment (Figure 4(b) ). Fibrils formed from IAPP 8-20 were compared to those formed from the other amyloidogenic domains. A slightly overlapping fragment, IAPP 18-29, containing the histidine, formed rod-like structures, although some longer ®brils and loose networks were observed (Figure 4(c) ). IAPP 30-37 showed non-®brillar precipitates and these amorphous aggregates could not be solubilised even under harsh conditions (e.g. 10 mM HCl). This precipitated material was capable of acting as a nucleus for ®brillogenesis, as ®bres with a typical appearance appeared over time but were also associated with amorphous material (Figure 4(d) ). However, the IAPP 30-37 ®brils had a relatively small diameter ($6-7 nm) and aggregated laterally into dense networks. These observations indicate that the primarily C-terminal b-sheet domains (20-29 and 30-37) do not assemble into typical amyloid-like ®brils. In contrast, the constituent ®brils of the human and rat 8-20 fragments displayed a morphology more consistent with IAPP amyloid. This suggests that the 8-20 region may play some de®ning role in the overall morphology of IAPP amyloid ®brils.
Factors modulating IAPP folding and fibrillogenesis
Our observations suggest that the N-terminal half of IAPP is composed of a relatively¯exible component (residues $1-8) and an amyloidogenic domain (residues $8-20) . The N-terminal region has a number of unique features that may in¯u-ence the IAPP ®bril-forming pathway. For example, this region contains a high density of electrostatic charge, a unique histidine residue in the human sequence and a disulphide bridge. To determine if these features regulate the folding of IAPP and its peptide fragments, we examined the pH-dependency of ®bril formation, the effects of counterion shielding and oxidation state of the disulphide. Full-length IAPP contains only positively charged sites (Lys1, Arg11 and His18) and so is excluded from forming intra/intermolecular saltbridges but these residues may modulate aggregation and/or folding. This may be most relevant to His18, which can alternate in vivo between its charged and uncharged states. Histidine residues are also sites for metal ion binding and have been shown to be involved in Ab amyloid ®bril assembly through electrostatic side-chain interactions (Atwood et al., 1998; Fraser et al., 1994) .
To assess these factors, the conformation and ®bril formation of full-length human IAPP was examined at acidic and alkaline pH (10 mM HCl or NaOH) in the absence of buffering ions. Aggregation into ®brils was observed at both extremes of pH but, as compared to neutral conditions, variations were observed in ®bril morphology and proto®lament ordering. CD spectra of IAPP at pH 2.4 showed a typical random to b transition over a period of 48 hours (Figure 5(a) ). Negative stain EM indicated that this resulted in predominantly ®ne proto®laments that were arranged in ribbons or loosely wound into ®brillar aggregates ( Figure 5(b) ). At near neutral, pH 6.5, the 
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aggregation process was slowed to some degree with the CD spectrum indicating a b-sheet structure only after 65 hours of incubation ( Figure 5(c) ). However, the morphology of the ®brils was more typical, with long, unbranching ®bres with a uniform diameter of 18-20 nm ( Figure 5(d) ).
Under basic conditions, pH 11.2, the CD spectra indicated an initial random coil that gradually attenuated in signal strength over the course of 48-96 hours incubation (Figure 5(e) ). At high pH, IAPP is deprotonated completely and the precipitate was similar to that observed with the shorter hydrophobic 30-37 fragment, where ®bril-like structures radiated from amorphous material (Figure 5(f) ). As with IAPP 8-20, FTIR demonstrated that the aggregated peptide assembled into a b-sheet conformation (data not shown). These results demonstrate that, unlike other amyloid peptides such as Ab, the folding and aggregation of IAPP occurs independent of electrostatic interactions. However, the morphological differences indicate that assembly of the proto®lament subunits is affected by pH. This suggests that the charged side-chains within the N-terminal region may modulate interactions between proto®laments to produce the mature amyloid ®bril. The role of charged residues is further illustrated by the effects of counterion shielding on peptide aggregation.
When reconstituted into 10 mM acetate buffer (pH 5.5), human IAPP 1-37 was maintained as a random coil for a period of 80-90 hours. This disordered state was gradually converted to the b-sheet conformation (Figure 6(a) ). The ®brils formed under these conditions were typical of amyloid ®brils but were somewhat longer than those seen in water alone (Figure 6(b) ). In addition, in the pre- sence of an acetate counterion, the IAPP ®brils exhibited a``helical'' twisting not normally seen for the full-length peptide (Figure 6(b), arrowheads) . In 2 mM citrate buffer at the same pH (5.5) there was an attenuation of the CD signal (after four hours) and the appearance of a weaker b-sheet minima (Figure 6(c) ). This was associated with the appearance of ragged short ®brils with uneven ends (Figure 6(d) ). The larger charge on the citrate ion could contribute to a shielding effect and reduced solubility. At neutral pH with Tris buffers, IAPP underwent a conversion to b-sheet more rapidly than in water alone, while phosphate buffers induced a rapid precipitation similar to that seen with citrate (data not shown).
The contributions of the oxidized disulphide was examined in both the intact IAPP 1-37 as well as the 1-13 peptide. As discussed, the 1-13 fragment containing an intact disulphide bridge, exhibited only random coil conformation even following long incubation periods (more than ®ve weeks). When examined under strong reducing conditions (100 mM DTT), no change in the folding or aggregation state of the N-terminal 1-13 fragment was observed (data not shown). It was assumed that the IAPP disul®de was fully reduced under these strong conditions but any residual intact bridges were not quanti®ed directly. More importantly, full-length human IAPP still assembled into a b-sheet conformation under these conditions and no difference in ®bril morphology was observed.
Discussion
Here, we demonstrate a previously unrecognised amyloidogenic domain in hIAPP, which, as a peptide fragment is capable of forming ®brils in a b-conformation. This region, hIAPP 8-20, is in the central, largely conserved region of the molecule. Furthermore, the comparable rat fragment, which has an arginine substitution at position 18 but is otherwise homologous to human IAPP 8-20, also formed ®brils. This newly identi®ed b-strand region in addition to the two previously described amyloidogenic domains, hIAPP 20-29 and 30-37 (Betsholtz et al., 1989; Nilsson & Raleigh, 1999; Westermark et al., 1990) , could have a role in intermolecular interactions to form oligomers as well as interacting to form a triple-stranded intramolecular b-sheet. The results of our study also suggest that the region between 1 and 7 is not essential for ®bril formation. However, it is possible that these¯ex-ible residues may modulate ®bril formation in a manner similar to that observed for the Ab peptide. In this case, truncation of the N terminus (Ab 10-40 or 10-42) actually produced a more amyloidogenic peptide (Hilbich et al., 1992) . Detailed kinetic studies comparing full-length IAPP and the IAPP 8-37 fragment (or other truncated peptides) would be necessary before this possibility could be fully resolved.
The native structure of IAPP has yet to be determined but current data suggest that the free peptide exists in vivo in a random structure (Plaxco & Gross, 1997; Higham et al., 2000) . Under certain in vivo conditions, as yet unidenti®ed, hIAPP adopts a b-sheet structure and forms amyloid ®brils. Rodent IAPP does not form amyloid ®brils in vivo or in vitro . This is the ®rst report of a fragment of rat IAPP forming ®brils. Since the 30-37 domain of rat IAPP is identical with the human sequence and capable of forming ®brils, it is possible that these two b-strands could associate to promote rat IAPP aggregation. However, as indicated previously, the proline substitutions in the rodent peptide likely preclude the transition to a complete amyloid ®bril. The other more obvious intrinsic factors associated with the human sequence of IAPP appear to have little impact on ®bril formation. The histidine residue and the disulphide bridge are not essential for in vitro ®brillogenesis. Fibril morphology was affected by pH, with ®bril assembly being mostly in the form of proto®laments under acidic conditions, suggesting that lateral association of proto®laments is in¯uenced by charged residues.
A model for IAPP conversion to b b b-sheet oligomers
The presence of three potential b-strands in the hIAPP sequence suggests that an intramolecular b-sheet can be formed. A b-turn has been predicted at Asn31, which would result in two adjacent b-strands, 32-37 and 24-29, creating an antiparallel b-sheet. The third b-strand contained in the fragment 8-20 could extend this sheet with a turn in the region 18-23 (predicted at serine 20) . This assembly may be stabilised by side-chain hydrogen bonding between the uncharged polar side-chains of the six asparagine residues as well as other uncharged polar residues including glutamine, serine and threonine. The process of ®bril assembly could be driven by hydrophobic interactions. Ten of the 37 residues in hIAPP are hydrophobic, and increased hydrophobicity driving the initial stages of ®bril formation has been demonstrated (Kayed et al., 1999) , suggesting that proto®lament and ®bril assembly expose hydrophobic regions.
Human IAPP formed ®brils at acidic and neutral pH, suggesting that a change in charge is not an essential feature for ®brillogenesis. Moreover, in vivo, the transition of IAPP from the b-cell secretory granule (pH 5.5) to the extracellular space (pH 7.4) is unlikely to have a signi®cant effect on the conformation of the peptide. It is more probable that changes in the granule components and/or in the extracellular environment, which are unique to type 2 diabetes, promote ®bril formation. Metabolic or post-translational changes (e.g. glycosylation or aberrant proteolysis) that promote seeding of amyloidogenic fragments or conformational rearrangements could initiate amyloid deposition. However, the role of these pathways has yet to be fully investigated. The b-cell granule contains more than 30 proteins and has high concentrations of both zinc and calcium (Emdin et al., 1980; Hutton, 1994) . Intracellular molecular crowding within the granule compartment could be essential for the maintenance of hIAPP in its native conformation or inhibition of aggregation, as has been shown for other peptides (van den Berg et al., 1999) . Disease-related changes in the extracellular space in the early stages of type 2 diabetes due to hypersecretion of insulin, IAPP and related peptides from the b-cells could result in a local increased concentration of hIAPP and aggregation, leading to ®bril formation.
Materials and Methods
Peptide synthesis and supply Synthetic human IAPP (1-37) was purchased from Bachem (UK), human IAPP (8-37), (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) and (1-13) were purchased from Peninsula Laboratories (St Helens, UK). Human IAPP (8-20), (18-29), (30-37) and rat IAPP 8-20 were synthesized on an Applied Biosystems 430A Automated Peptide Synthesiser using standard Fmoc methodology. The peptides were puri®ed by reverse phase HPLC using water/acetonitrile mixtures buffered with 0.1 % (v/v) tri¯uoroacetic acid, on a POROS 20R2 column of 10 mm Â 250 mm at a¯ow rate of 15 ml/ minute. All peptides were prepared by the same method to ensure similar``histories'' of protein folding. The synthetic peptides were solubilised in 100 % HFIP (1 mg/ ml), ®ltered (0.2 mm), divided into aliquots and lyophilised (Higham et al., 2000) . Aliquots were reconstituted as required. Buffers were prepared in sterile, distilled, deionised water and included 10.0 mM sodium acetate (pH 5.5), 2.0 mM sodium citrate (pH 5.5), 2.0 mM sodium phosphate (pH 7.4), and 2.0 mM Tris-HCl (pH 7.4) (all chemicals from Sigma Aldrich, Poole, UK). Samples were also incubated in water with addition of 10 mM HCl or 10 mM NaOH to examine the effect of pH in the absence of counter ions.
CD spectroscopy
Spectra (average of ®ve scans) were collected from samples (200 ml) at 0.5 nm intervals between wavelengths of 180 nm and 260 nm using a Jasco J720 spectropolarimeter and quartz cuvettes (Hellma (England) Limited, UK) with a 1 mm path-length. Multiple samples were examined under all conditions. The polarimeter voltage was monitored to ensure that solutions were transparent. Samples were incubated at 20 C and a baseline spectrum (buffer/water only) was subtracted from collected data.
Electron microscopy
Each sample prepared for CD was examined using transmission electron microscopy. Aliquots (3 ml) were applied to formvar and carbon-coated grids, which had been rendered hydrophilic by exposure to UV radiation. The samples were incubated on the grid for ten minutes at room temperature, excess material blotted off, and stained for ten minutes with 2 % (w/v) uranyl acetate in water. Excess uranyl acetate was blotted off and the sample left to air-dry. All samples were examined using a Jeol JEM1010 electron microscope with an accelerating voltage of 80 kV.
Fourier-transform infrared spectroscopy
Exchangeable hydrogen atoms were replaced by deuterium atoms by dissolving peptides in 2 H 2 O (1 mg/ml), incubating the sample at 50 C for 30 minutes followed by drying the sample in a speed vacuum. This procedure was repeated three times. The deuterated peptides were incubated for four weeks at 50 C. Samples were microfuged at 13,000 rpm for two minutes and the visible precipitate was resuspended in 25 ml of 2 H 2 O and examined. IR spectra were recorded with an FTS-175C Fourier-transform spectrophotometer (BioRad, UK) equipped with a liquid nitrogen-cooled mercury/cadmium telluride detector and purged with a continuous ow of nitrogen gas. Samples (25 ml) were inserted between CaF 2 windows using a 50 mm mylar spacer. A total of 250 interferograms were recorded at room temperature with a spectral resolution of 2 cm
À1
. For each spectrum, water vapour was subtracted and baseline corrected. For all spectra, the area between 1590 and 1710 cm À1 was normalised to unity. Second derivatives of the amide I band spectra were produced to determine the wavenumbers of the different spectral components.
Fibre X-ray diffraction
Peptides were dissolved in ®ltered (0.22 mm) deionised water at 10 mg/ml and incubated for two weeks at 37 C. A droplet of this solution was suspended between two wax-®lled capillaries and left to dry. The stalk of dried material was examined. X-ray diffraction patterns were collected using a Rigaku rotating anode X-ray source and an MAR research image plate or using the Grenoble synchrotron source. The images were examined using ipmos¯m (CCP4) run on a Dec alpha workstation.
Thioflavin S staining
Thio¯avin S (Sigma) was made up to 0.5 % (w/v) in distilled, deionized water and ®ltered. Human IAPP 1-37 and fragments, 8-20, 18-29, 20-29, 30-37 and rat 8-20 were dried in 10 ml aliquots onto glass microscope slides. Thio-S was applied to the slides for one to two minutes, rinsed with 70 % (v/v) ethanol followed by a water wash. Samples were mounted with Citi¯uor (Agar Scienti®c, Stanstead, UK) in PBS/glycerol and viewed with ā uorescence microscope.
